I. INTRODUCTION
Chalcogenide glasses are promising candidates for fabricating nonlinear optical waveguide devices because they possess moderate third-order optical nonlinearity ͑100 − 1000ϫ silica͒, which allows devices to operate with low switching energy; ultrafast broadband response, allowing fast switching speeds; and low linear and nonlinear loss.
1,2 However, integrated waveguide devices are generally fabricated from films of chalcogenide glass deposited by physical vapor deposition and it has generally been found that such films, unlike the bulk glass, have unstable physical properties which usually degrade the device performance and reliability. These instabilities generally arise because the films are prepared in nonequilibrium conditions and this leads to different bond configurations from the bulk material. 3, 4 Although several methods, such as electron beam or x-ray irradiation, 3 and thermal or optical annealing 4 have been developed to release the excess internal energy stored in films that have been deposited in nonequilibrium conditions in an attempt to relax them back to the thermal equilibrium state, the evolution of the microstructure during these processes is still not well studied.
In this paper we focus on Ge 33 As 12 Se 55 glass ͑commer-cial as AMTIR-1, Amorphous Materials, Inc., Garland, Texas͒ which exhibits a high glass transition temperature, T g of 362°C, as well as a third-order nonlinearity that is several hundred times higher than that of silica at 1540 nm. 5 High quality stoichiometric AMTIR-1 films were deposited at room temperature onto Si wafers using our ultrafast laser ablation system. 6 In general, when short laser pulses are used to ablate a solid in vacuum, clusters, droplets, or sub-phases can condense from the vapor plume as it cools due to adiabatic expansion near the target surface. 7 At the substrate, therefore, the plume consists of a mixture of atomized material and condensed clusters with quite different chemical bonds compared with the original target. These become frozen into the film as the plume condenses onto the substrate at room temperature. 8 Therefore, we expect that as-grown films will contain a large number of un-saturated chemical bonds or phase-separated clusters. We have tried to demonstrate this by Raman spectroscopy, unfortunately, it is difficult to assign the broad Raman bands that appear to any specific chemical bonds most likely because the system is highly disordered. In contrast, x-ray photoelectron spectroscopy ͑XPS͒ is very sensitive to the chemical environments of the elements in the compound. In this paper, therefore, we have used XPS to investigate the evolution of the chemical environments as a function of annealing temperature for AMTIR-1 films. Our results confirm that a large number of Se clusters are present in the as-grown films, but these clusters can be broken and re-bond with Ge and As upon thermal annealing, moving the film toward bulk glass properties.
II. EXPERIMENTS
Chemically stoichiometric AMTIR-1 bulk glass was used as an ablation target. The chamber was evacuated to 3 ϫ 10 −7 Torr, and the material ablated by scanning the focused beam from a high average power ͑10− 15 W͒ modelocked, frequency doubled Nd: YVO 4 laser over the target surface. A detailed description of the laser ablation system and deposition parameters can be found in our previous paper. 6 A 2.0 m thick film deposited onto a 100 mm diameter silicon wafer was cut into smaller pieces, and then annealed in a vacuum oven at approximately 20 mTorr. All samples were annealed for 15 h at various temperatures. XPS spectra of as-grown and annealed films as well as the bulk glass were collected using an EscaLab 220-IXL system under a vacuum of ϳ10 −10 Torr, where a monochromatic Al K␣ x-ray ͑h = 1486.6 eV͒ at a power of 250 W was used as the exciting source. All high-resolution spectra were recorded using a pass energy of 20 eV and a step of 0.05 eV. The adsorbed hydrocarbon was used as the internal reference and the binding energies of C 1s line was referenced at 285.0 a͒ FAX: 02-6125-0029; electronic mail: rpw111@rsphysse.anu.edu.au eV. XPSpeak 4.1 software was used to decompose each spectrum by removing the Shirley baseline. The doublet separation was fixed and then the spectra were fitted with as few peaks as possible until the 2 value, which measures the goodness of the fit, reached a minimum. Through selfconsistency of all fitting results and our understanding of the material, we assigned the peaks to different chemical environments. Figure 1 shows valence band spectra for as-grown and annealed films as well as the bulk glass. At first glance all spectra contain two broadbands, one below 7 eV which could be ascribed to the bonding and anti-bonding p-bands, and another is located at 7-15 eV corresponding to the lone pair bonding s-band.
III. RESULTS AND DISCUSSION
9-11 Compared with the valence band spectra of pure Ge, As, and Se elements and their peak assignments listed in Table I , the basic spectral shape from all the films is similar and consists of split main s-and p-states located at 8-15 eV and 1-7 eV, respectively, although the peak positions vary slightly between samples. An obvious difference can be found in the p-state between the as-grown, the annealed films and the bulk. The band around 5.5 eV in the spectra of annealed films and bulk is featureless. However, the peak in this region in the spectra of the as-grown film is characteristic of elemental selenium, 9,10,16,17 indicating that the as-grown film contains Se clusters.
Considering the s-band spectra, it is expected that as the three elements coalesce into Ge-As-Se glass, strong repulsion between Se and Ge/ As produces splitting of the s-band, 15 downshifting the Se s-state peak from 11 to 9.3 eV and upshifting the As s-state from 12.5 to 14.3 eV. From the spectra in Fig. 1 , it is clear that the splitting of the Se and As s-states increases with annealing and this suggests that annealing causes the Se clusters to break down and coalesce with Ge/ As. This enhances the repulsion leading to an increase in the splitting between these two peaks as can be observed in the data.
Se 3d spectra of as-grown and annealed films and the bulk are shown in Fig. 2͑a͒ . To quantitatively understand the evolution of Se clusters in the film, we decomposed the Se 3d spectra by fixing the d-orbital separation at 0.85 eV.
9, 16 In principal, selenium in AMTIR-1 glass has many kinds of ͑a͒ Se 3d spectra of the as-grown, annealed film and bulk, the square dots are experimental data and the dot lines are simulation results, ͑b͒ peak position, and ͑c͒ the relative area ratio of three doublets in ͑a͒.
possible chemical environments such as different coordination number and different neighboring elements. It has been claimed that for Ge-As-Se bulk glass, the As atoms are surrounded by Ge atoms and the Ge atoms are linked only to Se atoms and hence no direct As-Se bonds exist. 1 However, this is not true for the film since some AsSe 3/2 -related Raman peaks have been reported. This difference may be due to the fact that the film has been created in nonequilibrium conditions. 19, 20 We found that we could decompose the XPS spectra very well using three doublets to fit all the spectra. Roughly we sorted them into three types: Se-related, partly Ge͑As͒-related and full Ge͑As͒-related. The high energy wing in Fig. 2͑a͒ is associated with the Se clusters. With decreasing binding energy, the decomposed peaks were assigned to partly and fully Ge͑As͒-related in sequence due to the different electronegativity. 17 The decomposed 3d spectra are also shown in Fig. 2͑a͒ as dotted lines, and the decomposed peak positions and the integrated areas for the three doublets as a function of the annealing temperature are plotted in Fig. 2͑b͒ and 2͑c͒ , respectively. Figures 2͑a͒ and 2͑b͒ , show that the overall trend is of a decreasing binding energy with an increasing annealing temperature although there is some deviation from this trend for the samples annealed at 150 and 200°C. The binding energies for the film in fact decrease to that of the bulk after annealing at 300°C. This decrease in binding energy after annealing provides support for the existence of a large number of Se clusters in the as-grown film due to the fact that the negative shift of the binding energy increases with the decrease of neighboring atom electro-negativity from Se͑2.48͒ to As͑2.18͒, and Ge͑2.01͒. 1, 18 When the as-grown film was progressively annealed, the Se rebonded with elements with lower electronegativity, leading to the decrease of the average binding energy.
The most likely explanation for the deviations about this general trend, particularly for the samples annealed at 150 and 200°C, is related to the different glass transition temperatures of most probable clusters in the film. Thus, for example, Se-Se clusters would be expected to melt between 40 and 60°C; GeSe 4 around 163°C; AsSe around 164°C; As 2 Se 3 around 173°C; GeSe 3 around 214°C; Ge 2 Se 3 around 322.5°C; and GeSe 2 around 394°C. 1 Thus below 150°C only Se rings or chains can be broken and rebond with existing unsaturated Ge or As bonds. At higher temperatures, however, other clusters can melt and further rearrangement of the bonds would be expected. While we cannot definitively identify this evolution from the XPS data we believe it is most likely to explain the deviations observed in Fig. 2 about the general trend as the films evolve toward the state of the bulk glass.
As and Ge 3d spectra of as-grown and annealed films and the bulk glass are shown in Figs. 3͑a͒ and 3͑b͒ , respectively. The spectra of the films both contain two distinctive features. On the basis of the standard XPS database, 9 we assigned the lower energy bands to the Ge-or As-related chemical environments in AMTIR-1, and the higher energy bands to the oxidized states of Ge or As. Considering oxygen's electro-negativity of 3.44, the positive or negative shift of these two bands in Fig. 3 can be again explained by the different electro-negativities of these elements. Compared with the Se 3d spectra which have negligible oxide peaks, Ge and As show a different oxidized behavior. The intensity of the Ge oxide peak increased with an increasing annealing temperature while that of the As oxide peak is almost annealing temperature independent. Consequently instead of decomposing the low energy band into several separated doublets as before, we plotted the area ratio of the oxide band to the lower energy band versus the annealing temperature in Fig. 4 to compare their different oxidized behavior. Since XPS is only surface sensitive, we measured the depth profile of Ge and As 3d spectra ͑not shown here͒. The oxygen can only be found at the very surface ͑within 20 to 30 nm͒ for as-grown film, but diffuses deeply into the film upon thermal annealing. Figure 5 shows the typical depth profile of O 1s FIG. 3 . XPS 3d spectra of as-grown, annealed films and bulk for As ͑a͒ and Ge ͑b͒.
FIG. 4.
Relative area ratio of oxidized bands to 3d bands of Ge and As in Fig. 3 . spectra in the as-grown film. The strong O 1s peak at approximately 531 eV can be found on the surface but disappear after 5 s in situ etching with a rate of 6 nm/ s. There are a great deal of dangling bonds in the fresh film that are easy to saturate when the film was exposed to air and reacted with oxygen. When annealing, the residual oxygen in the oven could diffuse along the grain boundary since the amorphous film generally is not dense, leading to the deep distribution of oxygen. The oxide content in AMTIR-1 may modify the network of the glass and subsequently deteriorate the optical properties of the film in the infrared region, 21 therefore, insitu annealing at high vacuum is desired to achieve high quality film.
IV. CONCLUSIONS
In summary, we have measured the XPS valence band and 3d spectra of as-grown and annealed films and bulk of AMTIR-1. We found that a large number of Se clusters could be formed in the as-grown film. With an increasing annealing temperature, some of the clusters break down and coalesce with Ge or As, forming different structural units in the glass network while others serve as the link between these different structural units. On the other hand, both Ge and As-3d spectra show that oxidation occurred during laser ablation and thermal annealing: Ge oxidation increases with increasing annealing temperature while As oxidation is almost insensitive to the annealing temperature. The difference could be due to their different electronegativities. Our results suggest that, while thermal-annealing is effective to move the film toward the bind structure of bulk glass, the simultaneous surface oxidation must be suppressed in order to get high quality films.
